Several studies of biodegradable polymers and copolymers have been carried for different applications in the biomedical area. This current study aims to develop a biocomposite to be used as an orthopedic device, using poly(3-hydroxybutyrate-co-3-hydroxyvalerate) P(HB-HV), a biodegradable copolymer, with 94%HB and 6%HV, as matrix; and nanodiamonds (ND) with primary grains of 4-6nm, as reinforcement. The nanodiamonds were previously encapsulated by P(HB-HV) and specimens were prepared using a hydraulic press and injection molding machine, in order to evaluate which method presents a better performance. Thermal and mechanical analyses were done to compare their behavior. The biocomposite and pure P(HB-HV) samples were analyzed by flexural testing, nanoidentation, DMA, XRD, TGA. The distribution of nanodiamonds on the specimen fracture surface were investigated by SEM. The SEM micrographs allowed us to concluded that the encapsulation of nanodiamonds by P(HB-HV) was successfully performed, promoting a better interface and distribution in the polymeric matrix. The presence of ND in the polymeric matrix decreased the P(HB-HV) crystallinity, inhibiting the crystallite growth. The mechanical properties obtained from flexural test, nanoidentation and DMA of the injection-molded specimens were superior to compression-molded, due to its homogeneous and continuous structure. In vitro analysis was performed to evaluate the samples cytoxicity.
Introduction
Biomaterials are used to partly or totally replace the functions of a living tissue in a human body that has been damaged or traumatized 1, 2 . They can be natural or artificially made 1 , which in many cases combining two or more materials to form a composite.
Several studies have been done with biodegradable and biocompatible polymers and copolymers for different industries and the biomedical area. Biodegradable polymers are potential candidates to be used as biomaterials, which some possible applications are: drug-delivery vehicle, scaffolds for bone regeneration and orthopedic devices 3 . For the last application, the use of poly(L-lactic acid) (PLLA) 4 , polycaprolactone (PCL) 5 , P(LLA-co-CL) 6 , poly(3-hydroxybutyrate) (PHB) 7 and poly(hydroxybutyrate-co-hydroxyvalerate) (P(HB-HV)) 8 should be highlighted. However, some biodegradable polymers exhibit inadequate mechanical properties for the desired application 6 . Some of the routes to solve this problem are to blend it with other polymers 9, 10 , synthetize copolymers 11 add plasticizers 12 , or develop a composite 6 . For the development of composites, a study shows that researches regarding nano-scale materials have been increasing drastically in the last decades 13 . Different types of nanoparticles can be introduced to enhance the matrix chemical, mechanical and biological properties. Among the variety of organic and inorganic nanoparticles available, nanodiamonds (ND) presents unique properties, as high mechanical strength, biocompatibility -best among carbonbased materials, high thermal conductivity, high chemical stability and rich surface chemistry, becoming a suitable candidate to be used in biomaterials 4, 14 . Few works have been reported on the addition of ND in biocompatible and biodegradable polymers. Among biocompatible polymers, Maitra et al. 15 produced composite films adding 0.2, 0.4 and 0.6 wt% of functionalized ND in poly(vinyl alcohol) (PVA) matrix; with 0.6 wt% of ND, elastic modulus (E) and hardness enhanced ~98% (1.33 GPa) and ~79% (68.4 MPa), respectively, evaluated by nanoidentation. Kurkin et al. 16 prepared composite fibers 17 prepared nanocomposite films by simple casting method of PVA/ND, in which ND content ranged from 0-5 wt%; the samples were tensile-tested, with 1 wt%, the E was 162% higher (9.6 GPa) than pure PVA. However, the strain at break reduced 43% (41%) with the same ND content. Protopapa et al. 18 dispersed ND in an autopolymerized poly(methyl methacrylate) (PMMA), from three-point bending test the E increased 76% (2.08 GPa) with ND content of 0.83 wt%. Others studies were performed for polyurethane acrylate 19 and chitosan/bacterial cellulose 20 . Regarding the biodegradable polymers, studies were restricted to PLA, PCL and its copolymers. Zhao et al. 21 fabricated nanocomposites of PLA/ND by melt compounding using an extruder and injection-molding machine. The tensile elastic modulus with 5 wt% of ND content was 19% higher than neat PLA, justified by the increment of PLA crystallinity; the authors also found the storage modulus (E') to increase for all compositions (0.1, 0.5, 1, 3, 5 wt.%). Alternatively, Zhang et al. 4 produced solution casted films with PLA and chemically functionalized ND (covalent attached octadecylamine -ODA), which promoted a fluorescent character. With 10 wt% of ND-ODA load, E and hardness increased 206% (7.9 GPa) and 820% (0.46GPa), respectively, obtained by nanoidentation. The authors also attested its biocompatibility. Later, Zhang et al. 22 published another work, where they produced PLA/ND-ODA films via solution casting followed by compression molding. The strain to failure and fracture energy increased 280 and 310%, respectively, with 10 wt% of ND-ODA. Sun et al. 6 , on the other hand, prepared scaffolds using a poly(LLA-co-CL) random copolymer as the matrix adding poly-lactide functionalized ND. The authors achieved good particle dispersion and optimized mechanical properties -stiffness increased about sixfold. Fox et al. 23 produced PCL reinforced with 0.1 wt% of irradiated ND, allowing in vitro detection.
Most of the studies were performed on polymer thin films. Also, no work was found regarding the incorporation of ND in any polymer from polyhydroxyalkanoate (PHA) family. The present work develops a compression-molded and injection molded biocomposite with poly(3-hydroxybutyrateco-3-hydroxyvalerate) P(HB-HV), a biodegradable polyester from the PHA family produced by microorganisms 24 , reinforced by nanoparticles of diamond (ND), aiming to reach mechanical properties similar to the human bone and its bioincorporation into the bone structure.
Materials and Methods

Materials
In this work, both chloroform (99.8%) and ethyl alcohol (99.5%) were purchased from VETEC, Sigma Aldrich. The Molto diamond nanoparticles were obtained from Carbodeon Ltd Oy, with primary grains of 4-5nm. The P(HB-HV), with 6% of hydroxyvalerate content, was produced by PHB Indústria. (Mw= 52,575g/mol, Mw/Mn= 2.36. Determined by GPC in a Shimadzu LC-20AD).
Specimens preparation
To remove any impurities of the biosynthesized P(HB-HV), it went through a purification process in chloroform under reflux and precipitated in ethyl alcohol.
In an attempt to improve the dispersion of the nanoparticles in the polymeric matrix, the nanodiamonds were encapsulated by P(HB-HV). Solutions of 160mL of chloroform and 4g of purified P(HB-HV) were homogenized. Later, 0.4g of ND was added to the solution, corresponding to 10w.% Then the dispersion was evaporated, producing microcapsules, according to the methodology that is being patented. This formulation will be referred as P(HB-HV):ND(10:1).
The specimens were prepared through two different processes (injection molding and compression molding) to evaluate the influence of the molding process on the mechanical properties. The compression-molded samples were prepared as follows: 1.32g of P(HB-HV):ND microcapsules were added to the mold, being manually compacted. Then, the mold was inserted in a hydraulic press (Marcone MA 098/A) at 105ºC, aided by a lateral heating ring at the same temperature, and a compaction force of 2ton was applied. These conditions allowed the material to be molded without any apparent polymer degradation. The specimen final dimension was 35x10x3mm. The compression-molded samples will be denoted as P(HB-HV)-C and P(HB-HV):ND-C, for pure polymer and the specimens composed of P(HB-HV):ND microcapsules, respectively. For the manufacture of the injection-molded specimens, an injection molding equipment Ray-Ran RR/TSMP was used, with temperature of 174ºC at the barrel, 100ºC at the mold, and injection pressure of 6 bar. The injection-molded specimens final dimensions were: 100x13x3mm. The injection-molded specimens will be referred as P(HB-HV):ND-I.
Specimens characterization
To evaluate the influence of the ND on the thermal properties of the nanodiamonds microcapsules, Thermogravimetric analysis (TGA) was performed in TA Instruments Q5000, the samples were analyzed in a temperature range of 30-800ºC, with heating rate of 10ºC/min and nitrogen flow rate of 100mL/min.
The specimens mechanical properties were investigated by means of flexural testing, microhardness testing and dynamic mechanical analysis (DMA). In the flexural testing an universal mechanical testing machine (Instron, 5582) was used in a three-point configuration; speed of testing was set at 1mm/min, support span of 30mm. Three specimens of each formulation were tested. Nanoidentation testing was performed in an ultra-micro-hardness tester Shimadzu DUH-211S with indentation load of 30mN and Vickers shaped diamond indenter. Seven indentations were done for each formulation; then, elastic modulus (E) was calculated. The dynamic mechanical analysis (DMA) was performed in a TA-Instruments DMA Q800 at a frequency of 1Hz, amplitude of 10 µm, using a three point bending clamp; the system was cooled to -120ºC, kept for 3min and heated at 3ºC/min until 150ºC.
The x-ray diffraction (XRD) analysis was done in a Rigaku Ultima IV equipment with Cu-Kα radiation (λ = 1.5418 Å) with a step size of 0.02º and counting time of 4s per step, 2θ ranging from 10 to 50º at 40kV accelerating voltage. The XRD was used to determine and compare the samples crystallinity. Micrographs of the samples fracture surface, obtained by a scanning electron microscope (SEM), Shimadzu SSX-550, allowed the evaluation of the nanodiamonds morphology and distribution in the material surface fracture. Then, correlate it with the previous analysis.
In vitro study
Culture of macrophages RAW 264.7 and experimentation
Murine macrophages cell lines RAW 264.7 (ATCC, TIB-71) were cultivated in a Dulbecco's Modified Medium F-12 (DMEM/ F12, Gibco BRL), supplemented with 10% fetal bovine serum (Gibco BRL) at 37ºC and 5% of CO 2, the medium was replaced every 2 days. Once the culture presented 90% of cellular confluence, the macrophages were collected for the experiments.
In the study, the macrophages were plated (4 x 10 5 cells/ well) in a 24-well plate (Costar) with 1 mL of the culture medium, specimens fragments were added to some wells. The culture was kept at 37ºC and 5% of CO 2 for 7 days. The culture medium wasn't replaced during the experimentation. In the 1 st ,2 nd 6 th and 7 th testing days, 50µL of supernatant was collected from 4 different wells for the analysis of the nitric oxide (NO) production induced by the presence of the composite. Some wells were treated with 1 µg/mL of lipopolysaccharide (LPS) and their supernatants collected after 24 hours, then they were used as positive control of NO production. The collected supernatant were kept frozen at -80ºC until the moment to be analyzed. 1 st and 7 th day after the beginning of the test, cell viability analysis was performed using a 2% trypan-blue in a dye exclusion method, to evaluate the composites cytotoxicity. The cells were dyed with trypan-blue and analyzed using a Nikon TS100 inverted microscope, the images were captured by AxioCam (Zeiss) and manipulated with the AxionVision software (Zeiss).
Quantification of NO by Griess reaction
The quantification of NO was performed by Griess reaction. 50µL of the solution A (2.5mL of phosphoric acid, 0.5g of sulphanilamide, 47.5mL of milliQ H 2 O) and 50 µL of the solution B (0.05g of N-1-naphthylethylenediamine, 50mL of milliQ H 2 O) were mixed in a 96-well plate and incubated for 10 minutes at 37ºC. The reading was done in a microplate reader (Dynatech MR5000) using wavelength of 570nm. The standard curve was done using NaNO 3 concentration from 1.56µM to 200µM.
Statistical analysis
The statistical analysis was performed with one-way ANOVA and Tukey test as post test, using GraphPad Prism software (San Diego, California, USA), for the analysis of statistical significance in the experimental group defining the different error probability. Results with p < 0.05 were considered significant.
Results and Discussions
Despite numerous trials changing the processing parameters, pure P(HB-HV) couldn't be processed through injection molding, because of its limited processability, i.e. narrow range between melting and degradation temperature. The temperature required to mold it was not low enough to avoid apparent degradation.
To achieve a better ND distribution and ND-P(HB-HV) interaction, the nanofiller was encapsulated by P(HB-HV). The methodology was successful, as it is shown in Figure 1 , producing regular spherical microcapsules. Thus, enabling a better dispersion of ND in the polymeric matrix, as it can be seen in Figure 2 (A-F) . Samples of pure P(HB-HV), pure ND and P(HB-HV):ND microcapsules were analyzed by TGA, to evaluate the influence of ND on the composites thermal behavior; the curves are presented in Figure 3 , displaying the weight loss with temperature. Regarding the microcapsules, three
The XRD analysis (Figure 4) confirmed the semicrystallinity of the P(HB-HV), presenting typical peaks of orthorhombic unit cell 26 . It is noted that the P(HB-HV) crystalline peaks are intensified and also shifted to lower angles after the addition of ND. The crystallinity calculated from the XRD data is 60.97 and 57.59%, for P(HB-HV) and P(HB-HV):ND, respectively. The decrease in the polymer crystallinity is justified due to the presence of ND, which obstruct the polymer chain mobility and inhibit the crystallites growth. Chen at. al 27 and Bergmann at. al 28 also found the P(HB-HV) crystallinity to decrease with filler addition. The most intense peaks, related to (002) and (110) planes, shifted to lower angles. The interplanar distance decreased from 6.63442 to 6.58215Å and from 5.29286 to 5.25136Å, of (002) and (110) planes, respectively. The addition of ND induces a less compact polymeric structure, thus increasing the interplanar distance. samples from the same batch were analyzed. It is noted that for all three samples, the onset degradation temperature is 264.2ºC, which is lower than the 285.9ºC of pure polymer. It can be concluded that the introduction of ND shifts the onset temperature to lower values, justified by interaction between phases. Chen et al. observed the same trend as he added nano-hidroxyapatite (nHA) to a P(HB-12%HV) matrix. They claimed that well distributed nHA catalyzed the polymer decomposition and obstructed the degradation by-products to diffuse out of the sample 25 . TGA was also used to determine the content and distribution of ND in the microcapsules. The average content of the three samples analyzed was 7.3 ± 1.3%. Therefore, it demonstrates that a homogeneous distribution of ND was achieved. The difference between the content of ND in the solution before encapsulation (10 wt%) and present in the microcapsule is due to loss of material during the encapsulation process. From the data obtained from flexural testing, properties like flexural elastic modulus (E), maximum flexural stress (σ m ) and maximum strain (ε) were calculated. The results are presented in Figure 5 . The mechanical properties of the compression-molded specimens are inferior to the injectionmolded. Justified by the presence of voids and particle debonding on the specimen fracture surface, as shown in Figure 2 (D) , (E) and (F). These defects limited the potential to enhance the properties, and may even decrease it. They were originated by inexistence of polymer melting -since the molding temperature was 105ºC, which promoted a discontinuous structure.
However, for the specimens prepared by injection molding, there is an expressive increase on the mechanical properties (E, σ m and ε) compared to the compression-molded ones. It can be justified by the continuous structure, i.e. a better polymer compaction, and homogeneous distribution of ND (Figure 2 (A), (B) and (C))), which is known for its high stiffness and hardness.
The values of elastic modulus obtained by nanoidentation are presented in Figure 6 . P(HB-HV):ND-I presented superior the matrix, which dissipates more energy, or a less efficient restriction of the polymeric chain mobility.
To evaluate the composite cytoxicity, the macrophages were cultivated for 7 days without replacing the culture medium. After one day of test, it was not observed any cytotoxic response, as shown in Figure 8 , where there isn't cells dyed with trypan-blue. In Figure 8 (C), circled in red, it is indicated viable macrophages adhered to a small P(HB-HV):ND-I specimen fragment.
After the seventh day of culture, it was observed cells dyed with trypan-blue in the control and tested cultures ( Figure 9 ). The proportion of cells dyed with trypan-blue was similar for all cultures, regardless of the composition.
The different cultures had similar proliferation rate during the extent of the test. After the seventh day, the bottom of the plate was covered with macrophages in all culture medium. Therefore, it was concluded that the composites are non-cytotoxic and non-cytostatic.
The analysis of production of inflammatory mediator NO in the cultivated macrophages -in the presence of the composites-, concluded that until second day the cultivated macrophages didn't produce NO (Figure 10 ). In the sixth and seventh day, it was observed NO production in the value than P(HB-HV):ND-C, for the same reason previously explained. However, the results for pure polymer is close to P(HB-HV):ND-I; it is believed that the stiffening mechanism of crystallinity counterpoise the ND reinforcement effect.
The DMA analysis is useful to understand the viscous and elastic contributions to the composite properties. In figure 7 , it is presented the variation of storage modulus (E'), loss modulus (E'') and tanδ with temperature, of injection-molded and compression-molded specimen. It is seen that the storage modulus of P(HB-HV):ND-I is higher than P(HB-HV):ND-C at 17ºC and higher temperatures, indicating a better restriction of the polymer chain mobility, which resulted in a tougher material, for the same reason presented previously for the flexural testing. Also, the storage modulus drop is less pronounced in comparison with P(HB-HV):ND-C. The drop is related to the composites glass transition temperature.
The samples glass transition temperature (T g ) was obtained from the peak of tanδ vs temperature curves (Figure 7) . The T g of P(HB-HV):ND-I and P(HB-HV):ND-C are 20.24 and 23.25ºC, respectively. Tanδ (tanδ=E'/E''), also known as damping factor, measures the heat dissipation under cyclic loading. The P(HB-HV):ND-C displayed intenser tanδ peaks in comparison with P(HB-HV):ND-C. Intenser tanδ peaks may mean poor interface between the nanofiller and cultures where the composites were present; the production was close to 8µM, without significant difference between the formulations.
The composites triggered the NO production in the macrophages in the sixth and seventh day. This may occurred due to loose composite fragments in the well, which during the plate manipulation caused the mechanical lysis of the cells surrounding the fragment. The cell lysis could have released cells inner-substances, which stimulate the inflammatory process that accumulated with time and induced the NO production by the macrophages.
Conclusions
From TGA, it was concluded that the amount of ND in the sample differed from the added to the solution before encapsulation process, since there is loss of material in the encapsulation process. The injection-molded specimen presented superior flexural properties than the compressionmolded, justified by a compact and homogeneous structure, promoting better distribution of load to the nanoparticles. In the compressed molded specimen fracture surface were identified, through SEM, voids and particle debonding, that weakened it. These defects may be justified by a poor compacting. The polymer crystallinity decreased with the addition of ND, due to effect of hindering the polymer chain motions. Evaluated by in vitro testing, all formulations were non-cytotoxic.
